Background {#Sec1}
==========

Significant phenotypic differences between T cells of neonates, infants and children have been reported, suggesting a gradual development of cell-mediated immunological defense mechanisms \[[@CR1], [@CR2]\]. During infancy and early childhood, the immune system is immature. However, exposure to pathogens and vaccination antigens stimulate a battery of activation and maturation processes, which allow for acquired immune memory. The gradual development of a fully mature immune system is a major reason why neonates, infants and young children are more prone to get infectious diseases, such as respiratory tract infections, compared to adults \[[@CR3], [@CR4]\].

T cells significantly contribute to pathogen-specific adaptive immune responses and protect against infection from a broad and different species of potential pathogens. In response to antigen stimulation, naïve CD4 + T cells activate, proliferate, and differentiate into distinct effector CD4+ T helper (Th) cell lineages in antigen specific ways. The process of Th cell differentiation is intricately regulated, and different effector lineages have different functions. There are at least four Th subsets: Th1, Th2, Th17 and Th22. Th1 cells produce the effector cytokines interferon gamma (IFN-γ) and Interleukin (IL)-2 to protect from intracellular pathogens, while Th2 cells secrete Interleukin (IL)-4, Interleukin (IL)-5 and other effector cytokines involved in clearance of helminthes \[[@CR5]--[@CR7]\]. IL-17 secreting Th17 cells protect against extracelluar bacteria and fungi especially at the epithelial surface \[[@CR8]--[@CR10]\]. And Th22 subset is the most recently identified Th subset. This subset produces the lineage-defining cytokine IL-22, in the absence of IFN-γ and IL-17 secretion or expression of Th1- and Th17-associated transcription factors T-bet and retinoid acid-related orphan receptor gammat (RORγt) respectively. The Th22 associated transcription factor is a Aryl hydrocarbon receptor (AHR) which is important for expression of IL-22 \[[@CR11], [@CR12]\]. IL-22 functions to sustain the integrity and barrier of mucosal epithelial tissues and plays an important role in host defense against Gram-negative bacterial organisms (particularly in gut and lung) \[[@CR13]--[@CR15]\]. Normally, all of the different Th effector subsets work together to protect against infection induced by pathogens.

To our knowledge, there is no report which compares the levels of IL-22 producing T cells and Th17 cells in healthy young children to adults. In the present study, we firstly confirmed that Th22 subset existed in the peripheral blood of young children, and evaluated the phenotype of this subset. Then, we found that IL-22 + CD4 + T cell frequencies of young children were significantly lower than adults, as well as Th1, Th2, Th17, and Tc1 frequencies. Furthermore, the level of Th1 frequency from Group A (1--3 years old) was markedly lower than from Group B (4--6 years old). However, there were no significant differences of levels of Th17 and IL-22 + CD4 + T cell frequencies between these two groups. We demonstrated that there were higher frequencies of CD45RO+ memory CD4+ or CD8+ T cells in adults than in young children. Significant correlation between CD45RO+ memory CD4 + T cells and IL-22 + CD4 + T cells, Th1, Th17 was observed. Increased exposure, over a lifetime, to antigens may explain in part why young children are prone to infectious diseases.

Methods {#Sec2}
=======

Subjects {#Sec3}
--------

Twenty healthy young children (aged between 1 and 6 years old, 10 girls and 10 boys) were recruited from Yuexiu District Children's Hospital of Guangzhou and 3 ml blood samples were collected. Children enrolled in the study received formula, medical checks and got schedule vaccination according to Planned Immunization Program of China. These individuals had no acute or chronic infectious diseases, nor any clinically significant diseases or findings in the medical history that might compromise the immune function (e.g., diabetes mellitus, asthma, rheumatoid arthritis, and tumors). Twenty-three healthy adult volunteers were recruited from Guangzhou Medical University, and they donated blood samples for this study. The mean age of healthy volunteers (11 males and 12 females) was 26 years of the age (range 19--40 years old). These adult individuals had no acute or chronic infectious diseases, autoimmune diseases or tumors. Written informed consent was obtained from individual participants or their parent (for young children). The protocol of this study was established according to the guidelines of the 1975 Declaration of Helsinki and approved by the Ethics Committee of Guangzhou Medical University (Guangzhou, China) and the Ethics Committee of Yuexiu District Children's Hospital of Guangzhou (Guangzhou, China).

Reagents {#Sec4}
--------

Anti-CD3 FITC, anti-CD3 APC, anti-CD4 PerCP-cy5.5, anti-CD8-PerCP-cy5.5, anti-CD8 FITC, anti-CD45RO FITC, anti-CD45RO PE, anti-IFN-γ FITC, anti-IFN-γ APC, anti-IL-4 PE and isotype-matched control mAbs were purchased from BD PharMingen (San Diego, CA, USA). Anti-IL-22 PE was purchased from R&D Systems (Abingdon, UK). Anti-IL-17 APC was purchased from eBioscience (San Diego, CA, USA). Phorbol myristate acetate (PMA), ionomycin, saponin and Brefeldin A (BFA) were purchased from Sigma-Aldrich (Fluka, Sigma, USA).

Cell isolation {#Sec5}
--------------

3 ml heparinized blood by venipuncture of donors were harvested. Then the blood was transported to our laboratory on ice in 4 h. Peripheral blood mononuclear cells (PBMCs) were isolated from using Ficoll-Hypaque density gradient centrifugation, and washed twice in Hank's solution. These cells were finally adjusted to a final concentration of 2 × 10^6^ /ml in complete Roswell Park Memorial Institute (RPMI) 1640 medium (GIBCO, Grand Island, NY, USA) supplemented with 10 % Fetal calf serum (FCS) (Sijiqing, China), 50 mM 2-mercaptoethanol, 100 U/mL penicillin, 100 mg/mL streptomycin and 2 mM L-glutamine (all from GIBCO).

Cellular staining and flow cytometry {#Sec6}
------------------------------------

For intracellular staining, PBMCs were stimulated with PMA (20 ng/mL) and ionomycin (1 μg/mL) for 4--6 h at 37 °C in a 5 % CO~2~ humidified atmosphere. Brefeldin A (BFA, 10 μg/ml) was added into the culture at the end of first hour during the incubation. The cells were collected, washed twice in cold phosphate buffered-saline (PBS), cell surface staining Abs were added and incubated at 4 °C for 25--30 min. The cells were washed twice and fixed with 4 % paraformaldehyde and re-suspended in permeabilization buffer (PBS containing 0.1 % saponin and 0.5 % BSA). After incubation at 4 °C for at least 2 h, intracellular cytokine staining Abs and FMO control were added and incubated at 4 °C for 25--30 min. Cells were washed with PBS, resuspended in cold staining buffer, determined by BD FACSCalibur Flow Cytometer (BD Biosciences, San Jose, CA). For Fig. [6](#Fig6){ref-type="fig"}, only the cell surface staining without stimulation was done. Lymphocytes were gated on forward and side scatter profiles and analyzed using FlowJo software (Treestar, San Carlos, CA, USA).

Statistical analysis {#Sec7}
--------------------

Comparison between two groups was performed by unpaired Student's *t*-test for two tails. To evaluate correlation, Pearson's correlation coefficients were used. *p* value of \< 0.05 was considered to be statistically significant. All statistical analyses were performed using GraphPad Prism (version 5.0 Software Inc, San Diego, CA, USA).

Results {#Sec8}
=======

Th22 subset exists in blood of healthy young children {#Sec9}
-----------------------------------------------------

We first determined whether peripheral T cells from young children could produce IL-22. As shown in Fig. [1a](#Fig1){ref-type="fig"}, 0.457 % of CD4 + T cells and 0.088 % of CD3 + CD4- T (majority of them are CD8 + T) cells produced IL-22 (from one representative result) in young children. Statistical results (Fig. [1b](#Fig1){ref-type="fig"}) showed that the frequency of IL-22 produced by CD4 + T cells was significantly higher than that by CD3 + CD4- T cells (*p* \< 0.05). This finding indicated that CD4 + T cells were the majority cells producing IL-22 not CD8 + T cells. As shown in Fig. [2a](#Fig2){ref-type="fig"}, 37.9 % of IL-22 + CD4 + T cells produced neither IFN-γ nor IL-17 and were therefore considered Th22 cells (IL-17-IFN-γ-IL-22 + CD4 + T cells). Further characterization of the IL-22 producing CD4 + T cells showed a memory phenotype that 0.32 % of CD4 + T cells produced IL-22 and were CD45RO positive, but only 0.018 % of CD4 + T cells produced IL-22 and were CD45RO negative. (Fig. [2b](#Fig2){ref-type="fig"}). Statistical results demonstrated that the frequency of IL-22+ in CD45RO + CD4 + T cells was markedly higher than that of IL-22 expression in CD45RO-CD4 + T cells (Fig. [2c](#Fig2){ref-type="fig"}). The above results demonstrated that Th22 subset existed in peripheral blood of healthy young children, and majority of this subset cells were CD45RO+ memory T cells.Fig. 1IL-22 is produced by CD4 + T cells in healthy young children. PBMCs from healthy young children were prepared and cultured with PMA and ionomycin for 4--6 h, then cells were harvested, fixed, permeabilized, and cell surface and intracellular staining were done and determined by FACS. **a** IL-22 production by CD4 + T or CD3 + CD4-T cells from one representative donor was shown. Lymphocytes were first gated on CD3 + CD4 + (CD4 + T cells) or CD3 + CD4- cells and then analyzed for IL-22 production. **b** The statistical data results of the percentages of IL-22+ cells in CD4 + T cells or CD3 + CD4-T cells were shown (*n* = 9). The median is represented by horizontal line, the interquartile range by box and the minimum to maximum range by whiskers. \*, *p* \< 0.05Fig. 2Th22 cells exist in blood of young children and are memory CD4 + T cells. PBMCs from young children were stimulated with PMA and ionomycin for 4--6 h. Cell surface and intracellular staining was determined by FACS. **a** IL-22 + CD4 + T cells, IL-17 and IFN-γ production by IL-22 + CD4 + T cells from one representative donor were shown. CD4+ cells were gated from lymphocytes, and IL-22 producing CD4 + T cells were analyzed for IL-17 and IFN-γ production. **b** IL-22 production by CD45RO+ memory CD4 + T cells was shown from one representative donor. CD4 + T cells were gated from lymphocytes, and IL-22 and CD45RO expression was analyzed. **c** The statistical results of the percentages of IL-22 + cells by CD45RO+ or CD45RO- CD4 + T cells were shown (*n* = 7). The median is represented by horizontal line, the interquartile range by box and the minimum to maximum range by whiskers. \*, *p* \< 0.05

Comparison frequencies of IL-22 + CD4 + T cells, Th17 or Th1 cells from young children with adults {#Sec10}
--------------------------------------------------------------------------------------------------

We compared frequencies of IL-22 + CD4 + T cells from young children with adults. As shown in Fig. [3a](#Fig3){ref-type="fig"}, the proportion of IL-22 + CD4 + T cells from young children were significantly lower than those from adults (*p* \< 0.05). Furthermore, we compared four subsets including IL-17-IFN-γ-, IL-17 + IFN-γ-, IL-17 + IFN-γ+, IL-17-IFN-γ + cells in IL-22 + CD4 + T cells from children and adults, respectively. No statistical significance was observed in any of these IL-22 + CD4 + T cells subpopulations between young children and adults (Fig. [3b](#Fig3){ref-type="fig"}).Fig. 3Lower frequencies of IL-22 + CD4 + T cells from young children compared to adults. **a** the statistical results of frequencies of IL-22 + cells by CD4 + T cells from young children (*n* = 20) compared with adults (*n* = 23) were shown. **b** the statistical results of frequencies of IL-17-IFN-γ-, IL-17-IFN-γ+, IL-17 + IFN-γ + and IL-17 + IFN-γ- cells by IL-22 + CD4 + T cells from PBMCs of young children compared with adults were shown. The median is represented by horizontal line, the interquartile range by box and the minimum to maximum range by whiskers. \*, *p* \< 0.05

Concurrently, we determined Th17 and Th1 frequency from both young children and adults. The results showed that there were 0.36 % Th17 cells and 4.91 % Th1 cells (from one representative result) in young children, and 1.06 % Th17 cells and 14.4 % Th1 cells (from one representative result) in adults (Fig. [4a](#Fig4){ref-type="fig"}). Frequencies of Th1 or Th17 cells from young children were markedly lower than those from adults (Fig. [4b](#Fig4){ref-type="fig"}, *p* \< 0.05). Moreover, when young children were divided into 2 age groups 1--3 years old (Group A) and 4--6 years old (Group B) we found that the Th1 frequency from Group A was markedly lower than from Group B (*p* \< 0.05). However, there were no significant differences of levels of Th17 and IL-22 + CD4 + T cells frequencies between these two groups (Fig. [4c](#Fig4){ref-type="fig"}, *p* \> 0.05). Our findings indicated that IL-22 + CD4 + T cell, Th subsets including Th17 and Th1 frequencies of young children were significantly lower than adults.Fig. 4Comparison of Th1, Th17 and IL-22 + CD4 + T cells frequencies from age striated children groups and adults. **a** one representative result of frequencies of Th1 and Th17 cells in CD4 + T cells both from healthy young children and adults by FACS was shown. **b** the statistical results of Th1 and Th17 cells in CD4 + T cells were shown (children: *n* = 20; adults: *n* = 23). **c** Frequencies of Th1, Th17 and IL-22 + CD4 + T cells from age 1--3 years old (Group A, *n* = 10) and 4--6 years old (Group B, *n* = 10). The median is represented by horizontal line, the interquartile range by box and minimum to maximum range by whiskers. \*, *p* \< 0.05. n.s, no significant difference

Lower percentages of Th2 and Tc1 subsets were observed in young children compared with adults {#Sec11}
---------------------------------------------------------------------------------------------

We compared frequencies of Th2 and Tc1 cells (IFN-γ + CD8 + T) from young children and adults. The results showed that there was 0.59 % Th2 cells in young children and 1.4 % Th2 cells in adults (from one representative result) (Fig. [5a](#Fig5){ref-type="fig"}). Frequency of Tc1 cells from one representative result of young children or adults was 19 and 55.6 %, respectively (Fig. [5b](#Fig5){ref-type="fig"}). Statistical results demonstrated that levels of Th2 or Tc1 cells proportions from young children were significantly lower than those from adults (Fig. [5c](#Fig5){ref-type="fig"}, *p* \< 0.05).Fig. 5Lower levels of frequencies of Th2 and Tc1 cells from young children compared to adults. **a** one representative result of frequencies of Th2 (gated on CD3 + CD4+) from young children or adults by FACS. **b** one representative result of frequencies of Tc1 (gated on CD3 + CD8+) from young children or adults by FACS. **c** compared with the percentages of Th2 and Tc1 cells from young children and adults (children: *n* = 20; adults: *n* = 23). The median is represented by horizontal line, the interquartile range by box and minimum to maximum range by whiskers. \*, *p* \< 0.05

Correlation of Th1, Th17 and IL-22 + CD4 + T cells with CD45RO+ memory CD4 + T cells {#Sec12}
------------------------------------------------------------------------------------

As naive T cells do not generally secrete IL-22, IL-17, IFN-γ or IL-4, flow cytometric analysis of circulating levels of IL-22 + CD4 + T cells, Th17 and other T cell subpopulations might reflect differential levels of antigen-driven T memory cells as the children immune system matures. Therefore, we determined and compared the frequencies of CD45RO + CD4+ and CD45RO + CD8+ memory T cells of PBMCs from both of these two groups. The results showed that the percentages of CD45RO+ memory CD4 + T cells or CD45RO+ memory CD8 + T cells from children group were significantly lower than those from adult group (Fig. [6](#Fig6){ref-type="fig"}, *p* \< 0.05). Moreover, a significant correlation (*r* ≥ 0.6) was demonstrated between CD45RO+ memory T cells and IL-22 + CD4 + T cells, Th1, Th17, respectively (Fig. [7](#Fig7){ref-type="fig"}a, b and c).Fig. 6Comparison of frequencies of CD45RO + memory CD4+ or CD8 + T cells from young children compared to adults. CD45RO expression on CD4+ or CD8 + T cells was analyzed. **a** one representative result of CD45RO on CD4 + T (gated on CD3 + CD4+) or CD8 + T (gated on CD3 + CD8+) from young children or adults by FACS. The statistical results of frequencies of CD45RO + cells in CD4+ (**b**) or CD8 + T cells (**c**) from young children compared with adults were shown (children: *n* = 16; adults: *n* = 21). The median is represented by horizontal line, the interquartile range by box and minimum to maximum range by whiskers. \*, *p* \< 0.05Fig. 7Correlations of IL-22, IFN-γ, IL-17 production with CD45RO expression by CD4 + T cells. Correlations of the frequencies of IL-22 + CD4 + T cells (**a**), the frequencies of Th1 cells (**b**), and the frequencies of Th17 cells (**b**) with the frequencies of CD45RO + CD4 + T memory cells. Correlations were assessed using the spearman correlation coefficient

Discussion {#Sec13}
==========

In the present study, we stimulated T cells with PMA and inomycin to induce a non-specific activation of T cell cytokine production, and assessed the overall functional capacity of T cells from both young children and adults. We demonstrated that Th22 subset existed in the peripheral blood of young children, and IL-22 was mainly produced by CD4 + CD45RO+ memory T cells. Compared with adults, there was lower frequency of IL-22 + CD4 + T cells in the peripheral blood. Then we assessed other Th subsets including Th1, Th17, Th2, and Tc1 subsets from both young children and adults. The results showed that young children had lower frequencies of Th1, Th17, Th2 and Tc1 subsets than adults. Furthermore, there were lower percentages of memory CD4+ or CD8+ T cells in young children than in adults. Significant correlation between CD45RO+ memory CD4 + T cells and IL-22 + CD4 + T cells, Th1, Th17 was demonstrated. Lower frequencies of Th or Tc1 effector subsets in young children might partially explain why young children are prone to get infections.

At first, we demonstrated that there were IL-22 producing T cells in PBMCs from young children, majority of these cells were CD4 + T not CD8 + T cells with memory phenotype. Moreover, we found that Th22 subset existed in blood of healthy young children. The above results we observed in children are similar to adults \[[@CR16], [@CR17]\]. However, we found that the percentages of IL-22 + CD4 + T cells were significantly lower in children than adults. Previous reports observed that human Langerhans cells and mast cells induced distinct IL-22-producing CD4 + T cells \[[@CR18], [@CR19]\]. Existence of C. albicans or Mycobacterium tuberculosis specific IL-22 + CD4 + T cells in PBMCs of healthy adults has also been observed \[[@CR16], [@CR20]\]. Increased levels of frequencies of IL-22 + CD4 + T cells have been observed in patients with psoriasis, active systemic lupus erythematosus (SLE) and rheumatic arthritis (RA) \[[@CR21]--[@CR23]\]. Above results indicate that some pathogens or specific circumstances induce IL-22 + CD4 + T cell differentiation. Lower levels of IL-22 + CD4 + T cells in young children compared to adults suggests that accumulation of exposure to environmental antigens may lead to higher frequencies of IL-22 + CD4 + T cells in PBMCs.

Concurrently, we compared frequencies of Th17 from both young children and adults. As to our knowledge, this is the first report a comparison of Th17 cells from young children and adults. We found that there were significantly lower frequencies of Th17 cells from young children compared with adults. A previous study determined the capacity of naive CD4 T cells to develop into Th17 cells and found that this was inversely related to developmental age \[[@CR24]\]. Th17 cells play a significant role in the pathogenesis of multiple inflammatory and autoimmune diseases; however, Th17 cells also contribute to maintain mucosal barriers and defend against pathogens at mucosal surfaces. The protective effects of Th17 cells against some kinds of extracellular bacterial and fungal pathogens filled a critical void in host immunity not covered by the Th1 or Th2 lineage \[[@CR25]--[@CR28]\]. Lower levels of Th17 frequencies in young children may be one reason that children are prone to infections.

Moreover, we observed frequencies of Th1, Th2 and Tc1 from young children and adults. Similar to IL-22 + CD4 + T cells and Th17 cells, frequencies of these three subsets were remarkably lower in young children than in adults. Consistent with our findings, previous studies have demonstrated that the number and percentages of Th1 and Tc1, and Th2 cells increase with age but remain significantly lower in children than levels found in adults \[[@CR29]--[@CR31]\]. Furthermore, we divided young children into 2 groups, Group A (1--3 years old) and Group B (4--6 years old). Comparison between these two groups highlighted that levels of Th1 frequencies from Group A were markedly lower than from Group B. However, there were no significant differences of levels of Th17 and IL-22 + CD4 + T cells frequencies between these two groups. This result may be explained by various speeds of accumulation among the different Th lineages as well as small sample size in this study.

As naive T cells do not generally secrete IL-22, IL-17, IFN-γ or IL-4, flow cytometric analysis of circulating levels of IL-22 + CD4 + T cells, Th17 and other T subpopulations might reflect antigen-driven T cell differentiation as the immature immune system develops. Next we determined memory phenotype CD45RO expression on CD4 + T or CD8 + T cells. The results demonstrated that both frequencies of CD4 + T and CD8 + T memory cells remained lower levels in young children than in adults. Moreover, there was significant correlation (*r* ≥ 0.6) between IL-22 + CD4 + T cells, Th17 and Th1 cell frequencies with CD4+ memory T cells respectively. Consistent with our findings, previous studies have observed that frequencies of CD4 + CD45RO+ or CD8 + CD45RO+ memory T cells increased with age \[[@CR1], [@CR2]\]. In addition, Th1 and Tc1 cell populations with strong correlation to CD45RO surface antigen expression was observed by a previous study \[[@CR30]\].

Conclusions {#Sec14}
===========

In summary, we demonstrated that Th22 subset existed in the peripheral blood of young children and evaluated the phenotype of this subset. Compared with adults, there were lower frequencies of IL-22 + CD4 + T cells, Th1, Th17, Th2 and Tc1 subsets in the peripheral blood of young children. Furthermore, we determined that there were lower percentages of memory CD4+ in young children than in adults which correlated with IL-22 + CD4 + T cells, Th1, and Th17 respectively. Lower frequencies of Th or Tc1 effector subsets in young children might explain in part why young children are prone to infections.
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